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Introduction
Compared to other ecosystems peatlands store disproportionally large amounts of soil carbon and subsequently have a significant impact on the atmospheric carbon and greenhouse gas (GHG) pool and the earth's radiative balance [Frolking et al., 2006] . The most widely accepted estimate of contemporary peatland carbon accumulation in the Northern
Hemisphere is -23 g C m -2 yr -1 [Gorham, 1991; reaffirmed by Nilsson et al., 2008; and Roulet et al., 2007] . However there is still significant uncertainty in both the value itself and the predicted rate of change in response to climatic and anthropogenic influences. Reducing the uncertainty in current estimates and predicting future changes in peatland sink/source strength is an important research challenge. Greatest uncertainty exists around the magnitude of the aquatic flux term .
Our knowledge of peatlands systems is strongly bias towards soil-atmosphere fluxes, highlighting water table depth, temperature and plant functional group as important drivers of net ecosystem CO 2 exchange (NEE), and CH 4 uptake and emission [Bubier et al., 2003; Dinsmore et al., 2009b; Dinsmore et al., 2009c; Gray et al., in press; Lafleur et al., 2005; Roulet et al., 1993; Strack et al., 2004] . However, Dinsmore et al. [2010] showed that 41% of carbon uptake via NEE at Auchencorth Moss, Scotland, was lost via the aquatic pathway, highlighting the importance of stream losses in the full catchment net ecosystem carbon balance (NECB). Similarly, losses through the aquatic pathway accounted for 51% of carbon uptake via NEE at Mer Bleue, Canada [Billett and Moore, 2008; Roulet et al., 2007] , and 34% of carbon uptake via NEE in a Swedish mire complex [Nilsson et al., 2008] .
The global surface area of streams and rivers has recently been estimated at between 485 000
and 662 000 km 2 (0.3-0.56% of total land surface area), with first order streams representing ~6% of this water surface area and 52% of total stream and river length [Downing et al., 
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2012]. Therefore aquatic fluxes are not only important at a catchment scale but play an important role in global carbon and GHG cycling.
Our understanding of aquatic fluxes from peatlands is strongly biased towards DOC [Clark et al., 2007; Hope et al., 1994; McDowell and Likens, 1988] . DOC influences river water quality through the transport of complexed metals and nutrients and its effect on pH; it also represents a significant challenge to water supply companies who may have to remove DOC to meet drinking water quality standards [Clark et al., 2005; Driscoll et al., 1989; Hughes et al., 1990; Qualls and Haines, 1991] . Particulate forms of organic carbon (POC) usually represent only a small proportion of the total aquatic flux, although POC can reach <100 g C m -2 yr -1 in eroding systems [Evans et al., 2006; Pawson et al., 2008] . Therefore although POC is unlikely to represent a major flux within the NECB, changes in aquatic POC concentrations may provide an early indication of peatland degradation .
POC fluxes tend to be highly variable and episodic in their rate of export [e.g. Dyson et al., 2010] , often linked to discreet high flow events, making them difficult to quantify unless sampling is carried out over long timescales. Dissolved inorganic carbon (DIC) is largely derived from the bedrock-soil system and controlled by processes such as weathering, decomposition of organic matter and root respiration, or produced in-stream as a result of either terrestrial or aquatic derived substrate decomposition [Billett et al., 2007; Johnson et al., 2007; . The in-stream speciation of DIC is strongly controlled by pH through the carbonate equilibrium system [Dodds and Whiles, 2010] .
Therefore in peatland drainage waters where pH is typically low, the majority of DIC is likely to take the form of free CO 2 making it susceptible to evasion from the water surface.
Recent studies now recognise the importance of downstream export and evasion of CO 2 [Butman and Raymond, 2011; Dinsmore et al., 2010; Huotari et al., 2011; Nilsson et al., 2008; Richey et al., 2002; Wallin et al. 2011] ; data on CH 4 and N 2 O are less commonly
reported. CO 2 supersaturation is common to many natural drainage water systems, with CH 4 supersaturation linked primarily to peatlands [Aufdenkampe et al., 2011; Cole et al., 1994; Cole et al., 2007; Dawson et al. 2004; Kling et al., 1991; Richey et al., 2002] . Although N 2 O supersaturation is less common, as a GHG with a 100-year global warming potential of 298 [IPCC, 2007] , even small evasion losses could contribute significantly to catchment GHG budgets. Uncertainty in GHG exports comes primarily from two main sources, i) a lack of long-term studies which encapsulate enough of the temporal variability to accurately quantify concentrations in systems with complex hydrological regimes, and ii) a lack of direct measurements of gas transfer coefficients required to calculate evasive fluxes. Evasion of the dissolved gas component therefore remains a major source of uncertainty in catchment scale budgets. As many eddy covariance systems are set up to specifically exclude water bodies and stream channels from their footprint (as these introduce significant areas of spatial heterogeneity), evasion fluxes need to be quantified and included as independent flux terms in the NECB.
The factors which influence concentration variability in the stream channel can be classified into two distinct categories: i) those which influence the concentration of solutes at their source, i.e. environmental factors such as temperature and soil moisture which control microbial and vegetation productivity, and ii) flowpath dynamics which control soil-stream connectivity. These two categories are likely to influence variability at different temporal scales. Whereas vegetation productivity is strongly seasonal, flow path variability occurs on a much shorter time scale in relation to individual precipitation or snowmelt events.
In this study we present the first complete 5-year time series of concentrations and fluxes of aquatic carbon and GHG species (POC, DOC, DIC, CO 2 , CH 4 and N 2 O) in a peatland stream.
The study aims to analyse and explain temporal variability in concentrations and fluxes (both
downstream export and evasion) at weekly, seasonal and annual scales. Specifically, we aim to test the following hypotheses:
1) Concentration variability in instantaneous spot samples of all carbon and GHG species are primarily controlled by changes in the dominant hydrological flowpath and can therefore be explained by stream water discharge.
2) Concentrations of POC, DOC, CO 2 , CH 4 and N 2 O, which are linked to terrestrial vegetation and microbial productivity, will vary seasonally in relation to temperature patterns (a proxy for multiple seasonal variables including day length and photosynthetically active radiation). DIC derived primarily from ground water sources will not follow a temperature related seasonal pattern.
3) Exports of carbon and GHG will be greatest in late summer when both productivity and rainfall are high, and lowest in spring/early summer when source concentrations are depleted.
4)
Significant interannual variability in export of all carbon and GHG species is related to differences in climatic variables.
Materials and Methods

Site description
Auchencorth Moss (55° 47' N, 03° 14'W) is a 3.4 km 2 , low-lying (249-300 m), ombotrophic peatland (histosols cover 85% of the catchment) in SE Scotland . The land-use is primarily low intensity sheep grazing with a small area of peat extraction in the southwest corner. The catchment vegetation consists of a patchy mix of grass (e.g.
Deschampsia flexuosa) and sedges (e.g. Eriophorum vaginatum and Juuncus effusus)
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The catchment drains NE through a series of natural tributaries and overgrown (>100 yr old) drainage ditches into the main stream channel, the Black Burn . The total length of stream channel between the stream source and the catchment outlet, including both the main stem and tributaries, is 5.2 km with an average channel width of 0.65 m. The stream hydrograph is characterised by a rapid ('flashy') response to storm or snowmelt events. Stream water samples were filtered within 24 hours of collection through pre-ashed (6 hours at 500ºC), pre-weighed Whatman GF/F (0.7 µm pore size) filter papers. POC was calculated using loss-on-ignition, following the method of Ball [1964] . The filtrate was stored in the dark at 5ºC until analysis within 2 weeks of sampling. The filtrate was analysed for DOC and DIC concentration using a Rosemount-Dohrmann DC-80 total organic C analyser (2007) Dissolved CO 2 , CH 4 and N 2 O were calculated using the headspace technique Dinsmore et al., 2010; Kling et al., 1991] . A 40 mL water sample was equilibrated with 20 mL of ambient air at stream temperature by shaking vigorously under water for one minute; the equilibrated headspace was then transferred to a gas tight syringe and returned to the laboratory for analysis. Hope et al., 1995] .
Methods
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Data analysis
Instantaneous concentrations are expressed in units of mg L -1 or µg L -1 with datasets summarised using the arithmetic mean ± standard error, median, range and flow weighted mean concentrations (FWMC). FWMC was calculated using equation 1 where c i is the instantaneous concentration, q i is the instantaneous discharge and t i is the time step between subsequent concentration measurements.
Where average pH values are presented, these are based on the average H + ion concentration reconverted back to a pH value on the logarithmic scale. All datasets were tested for autocorrelation and 1º autocorrelation residuals used in further analysis where appropriate.
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Downstream export was calculated using Walling and Webb [1985] 'Method 5' described in equation (2) where C i is the instantaneous concentration associated with Q i the instantaneous discharge, Q r is the mean discharge for the full study period, and n is the number of instantaneous samples analysed. Standard error of the mean load was calculated using equation (3) [Hope et al., 1997] where F is the total annual discharge and C F is the flowweighted mean concentration. The variance of C F was estimated using equation (4) Water-atmosphere evasion of CO 2 , CH 4 and N 2 O were calculated using the interfacial mass transfer equation [Borges et al., 2004; Dinsmore et al., 2009a] described for CO 2 in equation
(5) where is the gas transfer velocity, is the gas and temperature specific solubility coefficient and is the difference in partial pressure between the surface water and the atmosphere. [Jones and Mulholland, 1998 ] where and are temperature dependent gas diffusion coefficients for CO 2 and N 2 O respectively and n is a coefficient which describes the characteristics of water turbulence. Here we use the value of n = 0.5 which is considered typical for upland streams Wallin et al., 2011] . Equation (5) was applied using water-air concentration gradients calculated from the median water and median atmospheric partial pressures of individual gases over the specific time periods being analysed.
Results
Discharge over the measurement period was "flashy" with a rapid response to precipitation events and a seasonal cycle characterised by low flows in June (Figure 1a ). Daily mean discharge ranged from 0.95-1815 L s -1 with a median of 25.9 L s -1 (Table 1) . Stream water temperature displayed a very clear seasonal pattern with highs of approximately 14ºC in late
July and lows of <1ºC in early January (Figure 1b) , and was negatively correlated with discharge (r = -0.23, P < 0.01). pH averaged 4.68 over the full measurement period with maxima and minima of 7.07 and 3.50, respectively (Table 1) Based on total precipitation rather than rainfall alone, 2011 was the driest year. Lowest annual mean discharge was recorded in 2007, followed by 2011, 2009, 2010 and 2008, respectively. 2011 was the warmest year (biased by high August-October temperatures) and 2010 was the coolest year (biased by abnormally low January-March temperatures) ( Figure   2b ).
Aquatic carbon and GHG concentrations
Of the carbon species measured DOC had the highest FWMC, followed by DIC, POC, CO 2 and CH 4 ; N 2 O had a FWMC of 0.36 µg N L -1 (Table 1) . Concentrations in all species were highly variable ( Figure 3 ) with coefficients of variation (CV) highest for POC and DIC and
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lowest for CO 2 (Table 1) . Although the explained variance was low, all species displayed significant relationships between concentrations and log-transformed ( respectively. The only species to exhibit significant trends in concentration over time were CO 2 (r 2 = 0.05, p < 0.05) and N 2 O (r 2 = 0.14, p < 0.01), both of which showed a decline over the sampling period. Spearman's rank correlation, which was carried out to determine the primary driver of variability across different time scales, showed that all C and GHG species (instantaneous spot samples) were significantly correlated with at least five of the seven parameters listed (Figure 7 ). Discharge was a significant driver of all species and DIC, CO 2 and CH 4 showed additional negative correlations with water table depth; DIC also showed a positive
correlation with rainfall. All species were again correlated with soil and stream temperature, pH and EC, however the sign of the relationship was species specific. For POC, DOC and DIC the correlation with soil temperature was greater than that with stream temperature; the opposite was true for the GHGs.
Monthly mean soil temperature was the only variable found to explain monthly mean POC concentrations; annual concentrations were strongly positively correlated with stream water temperature and negatively with soil temperature. Monthly mean DOC concentrations were weakly positively correlated with both discharge and rainfall, and both soil and stream water temperature were related to high DOC concentrations during mid-summer ( Figure 5 ).
Discharge was not significantly correlated with mean monthly DIC concentration, which was instead associated with low water 
Aquatic carbon and GHG fluxes
Over the full five year period the greatest aquatic carbon flux was downstream export of DOC (19.3 g C m -2 yr -1 ) which accounted for 54.3% of total aquatic carbon losses (25.5 g C m -2 yr -1 ); CO 2 evasion was the second largest carbon flux (10.0 g C m -2 yr -1 ) accounting for 28.1% of total aquatic carbon loss (Table 3) . GHG evasion from the water surface was dominated by CO 2 which accounted for 97.1% of total GHG losses (42.2 g CO 2 -eq m -2 yr -1 )
presented as CO 2 -eq based on a 100 yr time horizon [IPCC, 2007] . Comparing downstream
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versus evasive fluxes, 71.6% of total aquatic carbon was transported downstream whereas 89.3% of GHGs were evaded from the water surface.
When split into seasons based on hydrological year, greatest total carbon export (downstream export plus evasion) was observed in late summer (Figure 8a ). Early summer was the period with both lowest carbon export and lowest mean discharge. Downstream export of DOC represented the largest aquatic carbon flux in all seasons except early summer, when CO 2 evasion represented the greatest flux (Table 4) 
Discussion
Comparison of carbon and GHG concentrations and fluxes
The relative contribution of the individual species (DOC > DIC > CO 2 > POC > CH 4 ) to total streamwater carbon concentration was consistent with earlier work by Billett et al. [2004] 
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This article is protected by copyright. All rights reserved. . Adjusting their evasion estimate (1996-98) of 4.6 g C m -2 yr -1 to the updated water surface area, gave an evasion flux of 8.6 g C m -2 yr -1 significantly closer to the 10.1 g C m -2 yr -1 for the period 2007-11. This gives a total evasion:export ratio of 0.28 and significantly improves our confidence in the long-term catchment-scale value.
Seasonal and interannual variability in carbon and GHG concentrations and fluxes
DOC concentrations followed a seasonal cycle with concentrations reaching an annual high in August. This led to high variability in exports between seasons with peak export occurring in late summer (August-October) when high concentrations coincided with high discharge.
Exports earlier in the summer where restricted by low mean seasonal discharge.
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Instantaneous DOC concentrations were driven by hydrological parameters linking high stream water DOC to shallow flow pathways. Temperature was significantly related to both instantaneous and average monthly DOC concentrations, suggesting the seasonal cycle was linked to biological productivity. Biological activity is known to follow a similar seasonal cycle to temperature, driven by environmental parameters such as day length and photosynthetically active radiation [e.g. Frolking et al., 2002] . A greater correlation with soil compared to stream temperature supports our hypothesis that DOC is allochthonous and therefore linked to productivity within the soil-plant system rather than in-stream processing.
Interannual variability in DOC export was low relative to the other aquatic carbon species, although due to the magnitude of the DOC flux it strongly controlled total carbon export.
Hence given that 99% of the interannual variability across the 5 study years was explained by the interaction between precipitation and air temperature, climatic change is likely to have a large impact on catchment-scale aquatic carbon losses. Furthermore, as the aquatic pathway itself represents a significant proportion of the total catchment NECB [Billett and Moore, 2008; Dinsmore et al., 2010; Nilsson et al., 2008; Roulet et al., 2007] , changes in DOC export may be fundamental in understanding the full catchment response to climate change.
Temporal variability in weekly concentrations were highest for POC and this translated into high variability in both seasonal and interannual exports. Although POC represented a mean of 7.5% of the total organic carbon export this varied seasonally and ranged from 11.0% in early winter to 3.5% in early summer. A positive correlation between instantaneous POC concentration and discharge, and negative correlation with pH and EC both indicate a strong dependence on hydrologic flow pathways. As pH and EC were lowest during high-flow conditions, high streamwater POC concentrations were likely associated with shallow or surface soil water sources.
We also found that POC was positively correlated with both soil and stream temperature. The average lag-time between rainfall and discharge peaks in the catchment was 7.5 ± 0.9 hours [Dinsmore and Billett, 2008] indicating a relatively short water residence time in the catchment during high flow conditions. Therefore any changes in terrestrial source concentrations (linked to changes in soil temperature) will be quickly translated into changes in aquatic concentration changes when associated with high rainfall events. The correlation between POC and temperature therefore indicates a biological driver linked to POC production within the catchment. We did not however see a seasonal cycle in POC concentrations; this was most likely masked by the high variability associated with discharge/flow path dynamics. Temperature was also strongly correlated with interannual variability in POC concentrations. However the correlation was negative with stream and positive with soil temperature, indicating a more complex set of drivers than we were able to consider here.
DIC, CO 2 and CH 4 concentrations showed significant inter-correlation and a high degree of similarity in their drivers across all time scales. Negative correlations with water table depth and discharge, alongside positive correlations with temperature, pH and EC in the instantaneous datasets, all suggest sources associated with deeper flow pathways. Similar correlations with discharge and water table were also seen in the monthly dataset, however water table became the strongest driver indicating the importance of integrating current and antecedent hydrological conditions. As hypothesised, there was no seasonal temperature driver of DIC concentrations, which indicates a disconnect from surface biological processes.
The seasonal correlation of CO 2 and CH 4 with stream rather than soil temperature, suggests that in-stream temperature dependent solubility (rather than terrestrial biological productivity) was the primary driver of seasonal concentrations. Isotopic data from this site has shown that CO 2 is both significantly older and sourced from greater depths within the
peatland than DOC [Billett et al., 2007] . Garnett et al. [2012] also found a strong seasonal cycle in the radiocarbon age of dissolved CO 2 in the Black Burn, with older CO 2 associated with deep water tables. However, they found no seasonality or discharge correlation with δ 13 CO 2, indicating that the source material was relatively consistent and characteristic of decomposition of C3 plant material. Since streamwater CO 2 is not linked to young DOC, is driven largely by in-stream temperature dependent solubility, and does not contain a significant geological signature, we conclude that the primary source of streamwater CO 2 in Black Burn is decomposition of organic carbon relatively deep within the soil profile.
However, this will not necessary be true for all peatlands. For example, an isotopic study by found that root/soil respiration was a likely source of evasion CO 2 in forested Finnish catchments.
CH 4 was highly seasonal with concentrations reaching a maximum in August, correlating strongly with the seasonal cycle in stream temperature. CH 4 also showed strong negative correlations with discharge suggesting linkage to deep flow pathways associated with higher source concentrations. The drivers of CH 4 and CO 2 across all temporal scales were very similar, suggesting commonality in catchment CO 2 and CH 4 sources.
Despite high concentrations, downstream export in all species was lowest in early summer due to low discharge, and in many cases, highest in late summer when high concentrations coincided with high discharge. Evasion therefore became proportionally more important during summer months. No studies have yet considered seasonality in headwater gas transfer coefficients. However it is likely that these will be highly variable during summer as low turbulence stream flow is interspersed with periodic bursts of evasion associated with storm flow events, which release supersaturated gases which have built up within the water column.
Clearly more work is required to consider seasonality and temporal dynamics in evasion fluxes.
Terrestrial NEE has been measured in the catchment continuously using eddy covariance techniques since 2002 [Helfter, in prep] . The direction and strength of prevailing wind in relation to the Black Burn stream channel means that except for very rare occasions, the footprint of the eddy covariance system does not include the stream channel. To consider the link between the terrestrial and aquatic systems further, a set of simple correlations were carried out comparing annual NEE, and its individual components, gross primary productivity (GPP) and ecosystem respiration (ER), with total annual aquatic carbon flux and the annual in-stream FWMC of total carbon. NEE did not correlate significantly with either aquatic carbon fluxes or concentrations; however a very strong correlation (r 2 = 0.98, P <0.01) was found between GPP and annual FWMC of total carbon in the stream. This supports the concept that the streamwater carbon signal integrates heterogeneous terrestrial processes and as such may provide a useful, and easily measured, indicator of change within the catchment .
Implications for catchment scale carbon and GHG budgets
Over the 5 years of this study total annual catchment carbon loss via the aquatic pathway averaged 35.6 g C m -2 yr 1 , of which 10.1 g C m -2 yr 1 was lost directly to the atmosphere via evasion of CO 2 and CH 4 . In terms of GHG equivalents, direct evasion was responsible for 37.7 g CO 2 -eq m -2 yr -1 with a further 4.50 g CO 2 -eq m -2 yr -1 exported downstream and likely to be evaded outside the catchment area. CO 2 was by far the most important GHG representing >97% of GHG evasion. A very similar ratio (96%) is seen in the relative magnitude of CO 2 to the total terrestrial GHG fluxes at Auchencorth Moss based on values for the period 2006-08 . NEE over the period 2007-2010, coinciding with the aquatic measurements, was -72.8 g C m -2 yr -1 [Helfter, in prep] . Based on these
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measurements the aquatic pathway accounted for an average carbon loss equivalent to 49% of total uptake by NEE. This refined estimate is higher than the 41% previously quoted in Dinsmore et al. [2010] carbon appear to be much more annually consistent than NEE. However, as with seasonal fluxes, the lack of time-specific gas transfer coefficients is likely to mask some of the interannual variability in our evasion estimates. Billett et al. [2007] showed that DOC tended to be relatively young in age, however this included DOC fixed since 1955, and here we suggest that the primary source of evaded CO 2 (the second largest aquatic flux) is deep within the soil profile and relatively disconnected from surface processes. Hence stream export is a good integrator of carbon fixed over multiple years. Integration over multiple years and across a large heterogeneous landscape (the catchment), in addition to greater interannual stability could potentially make aquatic carbon flux monitoring a more robust indicator of long term change in catchment carbon turnover than NEE measurements (where high variability may mask step changes). This is a hypothesis that requires further testing against similar long-term datasets.
Conclusions
Temporal variability was evident in all carbon and GHG species concentrations across a range of time scales. As hypothesised, variability over short time scales in all species was strongly correlated to discharge, highlighting the importance of hydrological flow pathways through the catchment. In addition, seasonal cyclicity was observed in DOC, CO 2 and CH 4 concentrations, and a correlation between temperature and mean monthly concentrations was
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seen in all carbon and GHG species with the exception of DIC. In part this supports the hypothesis that all measured species with the exception of DIC will vary seasonally following temperature. However, as stream temperature was a stronger predictor of CO 2 and CH 4 concentration than soil temperature, we suggest the correlation is primarily due to in-stream temperature dependent solubility rather than terrestrial biological productivity. Although some CO 2 and CH 4 will be sourced from surface peat layers, the negative concentrationdischarge relationship suggested the majority was from deeper sources with connectivity to surface biological processes only occurring during high flow events. Both POC and DOC concentrations showed significant inter-correlation and appear to be linked to surface flow paths and productivity in the soil-plant system. As hypothesised, total carbon export was greatest in late summer when high temperature and high runoff coincide, and lowest in early summer following a period of low winter productivity. Our results suggest that CO 2 evasion becomes proportionally more important in the early summer when evasion remains high and downstream carbon export is limited. As CO 2 evasion represented the 2 nd largest aquatic C flux term within the catchment a better understanding of temporal variability in gas transfer coefficients is a future research priority.
We found a very strong positive correlation between aquatic concentrations and catchment GPP, indicating a strong linkage between the aquatic system and catchment productivity. The largest component of the aquatic flux was DOC (54.3% of total) followed by CO 2 evasion (28.1% of total). Annual DOC flux was strongly linked to precipitation and temperature with the greatest fluxes occurring in warmer and wetter years. Our results suggest that climatic change is likely to have a significant impact on annual carbon losses through the aquatic pathway, and as such aquatic exports are fundamental to the understanding of whole catchment responses to climate change.
